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A sandwich immunoassay for the rapid, low-level detection of Mycobacterium avium subsp. paratuberculosis
has been developed. M. avium subsp. paratuberculosis is the causative agent of Johne’s disease in cattle, and one
of the major obstacles in controlling the spread of this disease is the inability to rapidly detect small amounts
of bacteria or other diagnostic markers shed during the subclinical stage of infection. This paper details the
development and performance of an assay for sonicated M. avium subsp. paratuberculosis lysate that is based
on surface-enhanced Raman scattering (SERS). There are two key components of the assay: (i) an immobilized
layer of monoclonal antibodies that target a surface protein on the microorganism; and (ii) extrinsic Raman
labels (ERLs) that are designed to selectively bind to captured proteins and produce large SERS signals. By
correlating the number of M. avium subsp. paratuberculosis bacilli present prior to sonication to the amount of
total protein in the resulting sonicate, the detection limit determined for total protein can be translated to the
microorganism concentration. These findings yield detection limits of 100 and 200 ng/ml (estimated to be 500
and 1,000 M. avium subsp. paratuberculosis bacilli/ml) for sonicate spiked in phosphate buffer and sonicate
spiked in whole milk, respectively. Moreover, the time required to complete the assay, which includes sample
preparation, antigen extraction, ERL incubation, and readout, is less than 24 h. The potential for incorpora-
tion of this novel assay into diagnostic laboratories is also briefly discussed.

Johne’s disease is responsible for devastating losses in world-
wide dairy production (54). The causative agent of this disease
is Mycobacterium avium subsp. paratuberculosis. M. avium
subsp. paratuberculosis has been found in domestic ruminants
(39, 44, 55, 56) and wildlife (6–8, 23, 28, 34, 41, 42, 66). Based
on a serological survey conducted by the National Animal
Health Monitoring System in 1996 and 2002 (27, 61), 20 to
40% of the cattle herds in the United States are afflicted with
M. avium subsp. paratuberculosis at some level. Moreover, the
1996 National Animal Health Monitoring System report and
an economic loss study by Ott and coworkers projected that the
annual economic impact on the U.S. dairy industry from this
disease exceeds 200 million dollars annually (27, 46).

Cattle are often exposed to M. avium subsp. paratuberculosis
as calves (58). The disease develops through four stages and is
generally diagnosed by symptomatic assessment and, when
possible, quantification of shed bacteria. The four stages of
progression are silent, subclinical, clinical, and advanced cel-
lular infection (65). During the silent stage, animals do not
shed detectable amounts of the bacteria and are asymptomatic.
In the subclinical phase, cattle shed small amounts of M. avium
subsp. paratuberculosis in their feces and milk (e.g., 10 CFU
per 50 ml of milk) (30) but still at levels that are difficult to

rapidly and reliably detect. Nevertheless, this subtle shedding
can contaminate the surrounding habitat and spread M. avium
subsp. paratuberculosis throughout a herd before its presence is
detected. In the clinical phase of infection, the pathogen is
shed at high levels, which can exceed 1010 organisms/g of feces
(11). Symptoms during the terminal, advanced cellular infec-
tion stage of the disease are exemplified by chronic diarrhea,
rapid weight loss, diffuse edema, reduced milk production, and
infertility.

There is a wide range of tests for M. avium subsp. paratu-
berculosis. Bacteriologic culture is the most accepted method
and benefits from readily available materials. When coupled
with symptomatic evaluation, culturing provides data central
to distinguishing between clinical and subclinical stages of
Johne’s disease. Culturing, however, typically requires 12 to 16
weeks of incubation (see the Johne’s Information Center web-
site at http://johnes.vetmed.wisc.edu/). Serological tests, in-
cluding complement fixation, agar gel immunodiffusion, and
enzyme-linked immunosorbent assay, reduce testing time but
can lack the sensitivity needed to detect M. avium subsp. para-
tuberculosis at subclinical levels (12–14, 16, 52, 53, 65). Meth-
ods that test for cellular immunity, such as the response to
delayed-type hypersensitivity and detection of elevated levels
of gamma interferon (IFN-�), can yield false-positive reactions
(32). Nucleic acid levels, after PCR amplification and analysis
by gel electrophoresis, can be determined in under 3 days
(Johne’s Information Center) and can detect 10 M. avium
subsp. paratuberculosis bacilli in a 2-ml milk sample when im-
munomagnetic concentration is used (36). However, there are
challenges related to specificity (15, 24) and performance in
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some complex sample matrices (36). It is therefore clear that
improvements in sensitivity, selectivity, sample workup, speed,
and detection are requisite to more effectively protect healthy
animals against infection and the subsequent development and
spread of Johne’s disease (10).

This work explores the potential of surface-enhanced Raman
scattering (SERS) to serve as a readout method for the detec-
tion of M. avium subsp. paratuberculosis at low levels. Several
laboratories, including our own, have demonstrated the merits
of SERS readout in immunoassays (1, 19, 20, 31, 43, 45, 47, 51,
67, 69) and DNA detection (9, 25, 29). In SERS, roughened
metal surfaces amplify the Raman scattering of an adsorbed
organic molecule. This enhancement is due mainly to increases
in the electromagnetic field at the nanometric asperities of
roughened coinage metals (e.g., silver and gold). The same
mechanism is operative at the surface of metallic nanopar-
ticles. Coupled with potential contributions from chemical ef-
fects, enhancements of up to 1014 have been reported (37).

Detection by SERS has several potentially valuable at-
tributes with respect to traditional signal transduction methods
such as radioisotope decay, colorimetry, and fluorescence (26,
40, 45). First, when employing gold nanoparticles, excitation in

the red spectral region is used, which minimizes possible in-
terference from native fluorescence. Second, SERS intensities
for immobilized molecules are beginning to approach those of
fluorescent dyes and have the added feature of being less
susceptible to photobleaching. Finally, the widths of Raman
spectral bands are typically 10 to 100 times narrower than
those of fluorescence, which reduces the potential for spectral
overlap from multiple labels. The work herein seeks to take
advantage of the first two attributes for the development of a
rapid and highly sensitive assay for M. avium subsp. paratuber-
culosis.

The SERS-based strategy uses extrinsic Raman labels
(ERLs) as a means to quantitatively take advantage of ampli-
fied scattering (20–22, 31, 45, 47–50). ERLs (Fig. 1A) incor-
porate the intrinsically strong Raman scattering of aromatic
compounds (i.e., reporter molecules). In this assay, the organic
molecule is first immobilized on the gold nanoparticles and is
then used to tether a molecular recognition element (e.g., an
antibody) to the surface. The preparation of the capture sub-
strate (Fig. 1B) employs the same chemistry, with the coupling
molecule forming a gold-bound thiolate and subsequently re-
acting with the primary amines on antibodies. We note that the

FIG. 1. Schematic of the substrate preparation and assay procedure for the SERS readout sandwich immunoassay. (A) SERS tracer formation.
(B) Capture substrate preparation. (C) Antigen extraction and labeling.
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depictions in Fig. 1 are idealized with respect to the positions
of the immobilized antibodies. A more random distribution of
orientations is expected because of the presence of amine
residues throughout the structure of the protein (18). Finally,
a sandwich immunoassay (Fig. 1C) can be carried out in less
than 24 h by (i) extracting the antigen from solution, (ii) la-
beling the captured antigen with ERLs, and (iii) quantitating
the tagged antigen by SERS. We have previously applied this
platform to the detection of immunoglobulin G (45), free pros-
tate-specific antigen (31), viruses (20), and simulants of bio-
logical warfare agents (47). Those works showed that the
SERS-based immunoassay not only offers low levels of detec-
tion (e.g., �30 fM for prostate-specific antigen in human se-
rum) but is also sufficiently sensitive to measure single binding
events (49).

This paper and the companion paper (68) explore the ad-
aptation and performance of a highly sensitive SERS-based
immunoassay system as a specific and rapid diagnostic plat-
form for Johne’s disease. As a first step, the activity and cross-
reactivity of a group of recently developed antibodies that
selectively target proteins located at the outer surface of M.
avium subsp. paratuberculosis cells (2) were evaluated. After
incorporating the most effective antibody onto both the cap-
ture substrate and the ERLs, assays for the detection of K-10
M. avium subsp. paratuberculosis sonicate were carried out. By
estimating the number of M. avium subsp. paratuberculosis
bacilli present prior to sonication with the amount of total
protein in sonicate solution, detection limits of approximately
500 and 1,000 M. avium subsp. paratuberculosis cells/ml for
sonicate spiked in phosphate buffer and in whole milk, respec-
tively, were achieved. The companion paper extends this opti-
mized system to the detection of whole-cell M. avium subsp.
paratuberculosis and investigates the possibility of signal am-
plification (68).

MATERIALS AND METHODS

Bacteria and sonicate preparation. Heat-killed, whole-cell M. avium subsp.
paratuberculosis (K-10 bovine isolate) cells were grown at 37°C in Middlebrook
7H9 medium (Becton Dickinson, Cockeysville, MD) that was supplemented with
2 mg of mycobactin J/liter (Allied Monitor Inc., Fayette, MO), 10% oleic acid
albumin–dextrose complex (Becton Dickinson), and 0.05% Tween 80 (Sigma-
Aldrich, St. Louis, MO). The bacilli, harvested from the culture medium by
centrifugation at 10,000 � g for 20 min, were washed twice with cold phosphate-
buffered saline solution (PBS) (0.15 M, pH 7.2). Following washing, the bacteria
were either heat treated (80°C for 30 min) or sonicated.

Whole-cell sonicated extracts of M. avium subsp. paratuberculosis cells in PBS
(pH 7.4) were produced as described previously (64). After culturing M. avium
subsp. paratuberculosis cells to an optical density at 540 nm of 0.2 to 0.4 and
centrifuging the cells, the pellet was resuspended in PBS and sonicated. Sonica-
tion used a probe sonicator and consisted of three 10-min cycles at 18 W on ice,
with 10-min chilling periods between each sonication. Debris was removed by
centrifugation (12,000 � g for 5 min), and supernatants were harvested and
stored at 20°C.

Stock solution concentrations of heat-killed, whole-cell bacteria were deter-
mined by (i) flow cytometry using a Live/Dead BacLight bacterial viability and
counting kit (Molecular Probes, Eugene, OR), (ii) bacterial enumeration
through serial dilution plating on Herrold’s egg yolk slants containing mycobac-
tin J (2 mg/liter), and/or (iii) measurements of the optical density at 540 nm. The
average value for the stock solutions used in immunoassay development was
1.3 � 0.3 � 107 bacteria/ml (six samples of M. avium subsp. paratuberculosis in
PBS). The bacterial concentration for the stock solution used for sonication was
5 � 106 M. avium subsp. paratuberculosis cells/ml. After sonication, the solution
had a total protein concentration of 1 mg/ml based on absorbance measurements
at 280 nm with an ND-1000 spectrophotometer (NanoDrop Technologies, Inc.,

Rockland, DE). This value was further confirmed by using the Bio-Rad protein
assay (Richmond, CA).

Heat-killed Salmonella enterica serovar Typhimurium and heat-killed Esche-
richia coli O157:H7 were gifts from Nancy Cornick (Department of Veterinary
Microbiology and Preventive Medicine, Iowa State University, Ames).

Sonicate spiked samples in PBS and whole milk. Antigen solutions were
prepared by serial dilution of the stock K-10 sonicate with 10 mM PBS (pH 7.4)
(10 mM PBS powder packs; Sigma-Aldrich) or pasteurized, whole milk. Between
dilutions, solutions were mixed by vortexing. Distilled water, subsequently deion-
ized with a Millipore (Billerica, MA) Milli-Q system (18 M�), was used for the
preparation of all aqueous reagents. For assays in a milk matrix, whole milk at
room temperature was employed in place of PBS during serial dilution. Specif-
ically, the first dilutions were prepared by adding 10 �l of 1 mg/ml sonicate in
PBS to either 10 �l of whole milk or 90 �l of whole milk; all subsequent dilutions
used whole milk.

Antibodies. Monoclonal antibodies (mAbs) to MAP2121c, an M. avium subsp.
paratuberculosis surface protein, have recently been produced (4). Three mono-
clonal antibodies (8G2, 13E1, and 12C9, with the former two being specific for
the MAP2121c protein) were tested for performance after purification using
Melon gel (Pierce, Rockford, IL). This step removes extraneous proteins that
could potentially compete with immobilization of the mAb from the tissue
culture supernatants. The concentrations of the mAb solutions were determined
spectrophotometrically (ND-1000, using a standard mass extinction coefficient of
13.7 liters g�1 cm�1 for 10 mg/ml immunoglobulin G solution as a reference); all
mAb dilutions employed 50 mM borate buffer (pH 8.3 borate buffer packs;
Pierce).

ERL preparation. The design, preparation, and optimization of the ERLs
were detailed in our previous work (20). Briefly, 1.0 ml of 60-nm gold particles
(	8% variation in diameter, 2.6 � 1010 particles/ml; Ted Pella, Redding, CA)
was added to a centrifuge vial. The pH of the suspension was adjusted with 40 �l
of 50 mM borate buffer (pH 8.3). Ten microliters of 1.4 mM DSNB [5,5
-
dithiobis(succinimidyl-2-nitrobenzoate)] in acetonitrile (high-performance liquid
chromatography grade; Fisher, Pittsburgh, PA) was added to this colloidal sus-
pension. DSNB was synthesized according to previously described methods, and
it coats the gold nanoparticles through chemisorption as the corresponding
thiolate (59, 70). After 7 h, 20 �g of one of the three mAbs was added to the
mixture and incubated for �14 h. At pH 8.3, the amines on the mAb are
deprotonated and can therefore form amide linkages upon a reaction with
the succinimidyl esters of the DSNB-based monolayer (33). Finally, to block
unreacted succinimidyl esters, as well as to stabilize the colloidal suspension, 100
�l of 10% bovine serum albumin (BSA) (Sigma-Aldrich) in 2 mM borate buffer
was added to the suspension and allowed to react for 7 h.

Next, the colloidal suspension was centrifuged (MiniSpin; Eppendorf, West-
bury, NY) at 2,000 � g for 10 min at room temperature to remove excess
reagents. After decanting the clear supernatant, the loose colloidal gold pellet
was resuspended in 1,000 �l of 2 mM borate buffer containing 1% BSA. This
centrifugation-resuspension procedure was repeated twice to maximize the re-
moval of excess reagent. The volume after the last resuspension step was 500 �l.
Finally, 50 �l of 10% sodium chloride (Sigma-Aldrich) was added to the sus-
pension, which was then passed through a Costar 0.22-�m syringe filter (Fisher)
to remove any aggregates.

Capture surface preparation. The fabrication of the capture substrate was
done according to procedures described previously (20, 31, 45, 47). Template-
stripped gold was prepared by resistively evaporating �300 nm of gold (99.9%)
at 0.1 to 0.2 nm/s onto a 4-in. P-type test-grade silicon [111] wafer (University
Wafer, South Boston, MA) using an Edwards 306A evaporator. After applying
cleaned 1- by 1-cm glass chips onto the gold surface via two-part epoxy (Epo-tek
377) and oven curing at 150°C for 1.75 h, the glass slides were carefully separated
from the wafer, exposing a smooth gold surface.

A poly(dimethyl siloxane) (Dow Corning, Midland, MI) stamp with a cen-
tered, 3.2-mm-diameter hole was soaked in a 2 mM ethanolic solution of octa-
decanethiol (Sigma-Aldrich). The stamp was dried under a stream of high-purity
nitrogen and used to ink the template-stripped gold substrate for �30 s. This
procedure formed a hydrophobic barrier that surrounded the 3.2-mm assay
address (38). These samples were subsequently exposed to a 0.1 mM ethanolic
(Aaper, Shelbyville, KY) solution of dithiobis(succinimidyl propionate) (DSP)
(Sigma-Aldrich) for �14 h, which formed a DSP-derived monolayer within the
address area. After rinsing with ethanol and drying under a stream of nitrogen,
20 �l of capture antibody (100 �g/ml) was dispensed onto each substrate. This
step couples the antibody to the DSP-based monolayer by the same mechanism
as that used for DSNB. After incubation for 7 h in a humidity chamber, the
substrates were rinsed three times with 2 ml of 10 mM PBS buffer. Unreacted
succinimidyl end groups of the monolayer were “capped” with a 20-�l drop of
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blocking buffer for �14 h (i.e., SuperBlock and StarterBlock [Pierce], 5% BSA
in PBS, 2% Carnation dry milk in PBS, or casein blocking solution [Sigma-
Aldrich]).

Immunoassay procedure. After blocking, the capture surface was exposed to
either a solution of heat-killed, whole-cell M. avium subsp. paratuberculosis cells
or concentrations of K-10 sonicate in 10 mM PBS (pH 7.4) for 7 h at room
temperature in a humidity chamber. After rinsing three times with 2 mM borate
buffer (pH 8.3) (150 mM NaCl), a 20-�l drop of the ERLs was placed onto the
substrates and allowed to react for �14 h. The substrates were again washed with
the 2 mM borate solution and gently dried with nitrogen, and the SERS spectra
were collected. This procedure followed that depicted in Fig. 1C.

SERS measurements: NanoRaman I spectrometer. Raman spectra were col-
lected using a NanoRaman I spectrometer (Concurrent Analytical, Waimanalo,
HI). This instrument consists of an HeNe laser (632.8 nm, 30 mW), a fiber
optic-based probe head, an f/2.0 Czerny-Turner imaging spectrometer (6- to
8-cm�1 resolution), and a thermoelectrically cooled charge-coupled device (0°C)
(Kodak 0401E). The laser light was focused as a 25-�m spot (2 to 3 mW) onto
the substrate at normal incidence via an objective with a numerical aperture of
0.68, which also collected the scattered radiation. Exposure times of 1 s were
employed, with an average of four or five measurements, as noted in Results,
collected from different locations on each sample.

RESULTS

Antibody screening. As shown in work on feline calicivirus
(K. M. Kwarta, J. D. Driskell, M. D. Porter, J. D. Neill, and
J. F. Ridpath, unpublished data), candidate antibodies should
be screened to determine those that are the most effective at
binding the antigen after immobilization on the capture sub-
strate (35). As such, dot blot reactivity with heat-killed, whole-
cell M. avium subsp. paratuberculosis was used to narrow a pool
of eight mAbs, which were selected from an ongoing Johne’s
Disease Integrated Program project (4, 5), to three mAbs.
These three mAbs were designated 13E1, 12C9, and 8G2. Both
13E1 and 8G2 react with different epitopes on MAP2121c (4),
and 12C9 binds to an unidentified M. avium subsp. paratuber-
culosis protein (5). After purification, each antibody was tested
by performing an immunoassay with an antigen concentration
of 1.0 � 107 M. avium subsp. paratuberculosis cells/ml and a
PBS blank.

Using the sensor platform depicted in Fig. 1, the SERS
spectra shown in Fig. 2 were obtained. The strongest feature in
each spectrum (1,336 cm�1) is assigned to a symmetric nitro
stretch [�s(NO2)], while the less intense band (1,588 cm�1) is
diagnostic of an aromatic ring mode. These and all the other
spectral features present are consistent with those expected for
the DSNB-derived monolayer. Furthermore, the evolution of
the intensities of these features is indicative of the amount of
ERLs and thus antigen bound to the surface; that is, a larger
SERS signal is diagnostic of a higher level of captured antigen.
The intensity for �s(NO2) in each assay, as obtained from
measurements at four locations per sample, was 293 � 75
counts/s for 8G2, 223 � 80 counts/s for 12C9, and 1,611 � 63
counts/s for 13E1. The blank, shown only for 13E1, had a signal
of 256 � 21 counts/s. Based on 13E1 having the largest SERS
intensity and approximately the same blank signal as those for
12C9 and 8G2 substrates exposed to M. avium subsp. paratu-
berculosis, 13E1 was the most effective of the mAbs for the
SERS substrate.

These samples were also examined by light microscopy. The
images showed that only 13E1 substrates captured an observ-
able amount of M. avium subsp. paratuberculosis, which is
roughly a 1.5- by 0.5-�m rod. In contrast, the substrates coated
with 12C9 or 8G2 exhibited little evidence of binding (data not

shown). Based on the combined weight of these two sets of
results, 13E1 was chosen for the remainder of the studies. It is
important to note that while 12C9 and 8G2 mAbs had higher
titers and stronger immunoblot responses (J. P. Bannantine,
unpublished data), 13E1 was more effective when immobilized
on the capture substrate. This finding exemplifies the impor-
tance of screening mAbs after being tethered to substrates in a
heterogeneous immunoassay (17; Kwarta et al., unpublished).

Antibody specificity assessment. Cross-reactivity is another
important figure of merit for diagnostic methods. Specificity
studies of 13E1 with other closely related mycobacteria have
recently been performed via immunoblots (4). Those studies
revealed that 13E1 also reacted with Mycobacterium avium
complex members. However, and more importantly, there was
a lack of detectable cross-reactivity with Mycobacterium bovis,
the other mycobacterial pathogen in cattle, as well as with
non-Mycobacterium avium complex mycobacteria potentially
present in bovine feces or milk.

To further assess specificity, cross-reactivity studies were
performed on immobilized 13E1 with two commonly occurring
bacteria in bovine milk and feces: E. coli O157:H7 (60) and S.
enterica serovar Typhimurium (62, 63). After exposing the sam-
ples to a single type of bacterium and then ERLs, the intensity
for �s(NO2) was obtained. As shown in Fig. 3, the results
yielded 231 � 16 counts/s for the PBS blank (no bacteria),
279 � 23 counts/s for 1.0 � 108 CFU of E. coli O157:H7/ml,
and 135 � 15 counts/s for 7.3 � 109 cells of S. enterica serovar
Typhimurium/ml. While more exhaustive cross-reactivity stud-
ies remain to be performed, specifically with M. bovis and other
mycobacteria, these results indicate that there is no loss in
selectively when 13E1 is immobilized on the capture substrate.

Blocking reagent evaluation. As part of an optimization
protocol, studies to determine which blocking agent would
minimize the blank signal while maximizing the response to M.
avium subsp. paratuberculosis were performed. To this end,
solutions of SuperBlock, StartingBlock, 5% BSA in PBS, 2%
dry milk in PBS, casein-based blocker, or PBS (no blocker)

FIG. 2. Representative SERS spectra in screening studies using the
heterogeneous immunoassay (vertically offset for clarity) for mAbs
8G2, 12C9, and 13E1 reacted with 1.0 � 107 heat-killed M. avium
subsp. paratuberculosis cells/ml and a PBS blank with 13E1. Data show
that 13E1 had the highest �s(NO2) intensity in counts per second
(cts/s). The blank spectrum for 13E1 is comparable to those for 12C9
and 8G2.
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were placed onto separate 13E1 substrates. These substrates
were then exposed to PBS (blank) or to a solution containing
1.0 � 105 M. avium subsp. paratuberculosis cells/ml. The results
from the SERS readout of each sample are summarized in Fig.
4. The samples treated with StartingBlock had the highest
signal for M. avium subsp. paratuberculosis but, according to
the blank response, also had the highest level of nonspecific
adsorption of ERLs. Moreover, the blocking solutions of 5%
BSA, 2% dry milk, and casein failed to remain confined in the
3.2-mm sample address because of their low surface tension.
This “drop spreading” led to low signals for the M. avium
subsp. paratuberculosis-containing samples. While PBS (no
blocker) and SuperBlock have roughly the same blank and M.
avium subsp. paratuberculosis signals, the precision of the mea-
surement was three times better for SuperBlock. Based on
these results, SuperBlock was used in subsequent studies.

K-10 sonicate in PBS assay. The K-10 sonicate samples, with
concentrations ranging from 1 � 102 to 5 � 105 ng/ml, were
incubated with the capture platform (Fig. 1B). After rinsing,
the substrates were exposed to ERLs (Fig. 1C). Importantly,
these two steps, as well as those involved in sample preparation

(e.g., sonication), require less than 24 h to complete. The
resulting SERS spectra were collected with a 1-s read time, and
the calibration curve was prepared by subtracting the back-
ground at 1,225 cm�1 from the intensity of �s(NO2) at 1,336
cm�1. Both data sets are given in Fig. 5A and B. As is evident,
the SERS signals increased in a concentration-dependent man-
ner with sonicated antigen. The lowest detectable signal, as

FIG. 3. 13E1 cross-reactivity with commonly occurring bacteria in
bovine feces. Each substrate was exposed to 1.0 � 105 M. avium subsp.
paratuberculosis (MAP) cells/ml, a PBS blank, E. coli O157:H7 (1.0 �
108 CFU/ml), or Salmonella (7.3 � 109 cells/ml). 13E1 did not cross-
react with E. coli or Salmonella, as signals were comparable to those of
the PBS blank.

FIG. 4. SERS intensity for ERLs binding to M. avium subsp. para-
tuberculosis (MAP) after blocking with SuperBlock (1), StartingBlock
(2), 5% bovine serum albumin in PBS (3), 2% dry milk in PBS (4),
casein-based blocker (5), or PBS/no blocker (6) and either a PBS blank
or 1.0 � 105 M. avium subsp. paratuberculosis/ml for the antigen step.
SuperBlock yielded the largest SERS intensity and lowest blank signal.
cts/s, counts per second.

FIG. 5. Spectra and calibration curve for sonicate-spiked PBS and
milk samples. (A) Spectra (vertically offset for clarity) for sonicate in
PBS. (B) Corresponding calibration curve from SERS measurements.
(C) Calibration curve for sonicate in milk. Dashed lines correspond to
the blank plus three times its standard deviation for each matrix.
Best-fit lines are as follows: y � 631x � 1,048 (R2 � 0.98) (B) and y �
592x � 993 (R2 � 0.99) (C).
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defined by the blank signal plus three times its standard devi-
ation, is indicated by the dashed line in the calibration curve.
The limit of detection (LOD), which corresponds to the inter-
section of these two curves, was calculated to be �100 ng/ml.
Since the original solution (5 � 106 M. avium subsp. paratu-
berculosis cells/ml) produced 1 mg/ml of total protein after
sonication and centrifugation, the LOD for the K-10 sonicate
in terms of whole cells is estimated to be �500 M. avium subsp.
paratuberculosis cells/ml. This estimation is based on two cri-
teria. First, when correlating the number of bacilli to sonicate
protein, it is expected that the levels of newly synthesized
proteins in the cytoplasm are negligible compared to those
already transported to the surface. In addition, as there is some
insoluble protein (debris) that is removed following centrifu-
gation of the sonicate, the conversion to bacilli/ml is an ap-
proximation.

K-10 sonicate in milk assay. To determine the feasibility of
analyzing relevant biological samples, an initial study was per-
formed using a milk matrix. Room temperature, pasteurized,
whole milk was spiked with the K-10 sonicate for concentra-
tions up to 5 � 105 ng/ml. As described above, the assay
procedure was performed in fewer than 24 h, with the resulting
calibration curve shown in Fig. 5C. Importantly, the milk ma-
trix plot is strongly similar to that of the PBS matrix in Fig. 5B;
that is, the close agreement between the best-fit lines (i.e.,
slopes and y intercepts) and precision (i.e., standard deviations
for individual samples) indicate that the performance achieved
in the clean PBS matrix is not compromised when using the
much more complex matrix of whole milk. Furthermore, the
plot in Fig. 5C translates to an LOD of �200 ng/ml (estimated
at �1,000 M. avium subsp. paratuberculosis bacilli/ml). These
findings begin to elucidate the robust nature of this assay
system with respect to its potential application in complex
matrices. These results also demonstrate that analysis in whole
milk can be carried out with little sample workup.

DISCUSSION

There is a wide range of diagnostic tests for Johne’s disease,
each with previously detailed strengths and limitations in per-
formance. To protect healthy animals from this disease and
minimize its spread, more effective means to identify infected
cattle, track disease development, and further characterize
each of the clinical stages are necessary. The results herein
demonstrate that the SERS-based immunoassay can poten-
tially address these objectives. LODs for the K-10 sonicate are
�100 ng/ml (�500 M. avium subsp. paratuberculosis cells/ml)
in PBS and �200 ng/ml (�1,000 M. avium subsp. paratubercu-
losis cells/ml) in pasteurized, whole milk. This level of perfor-
mance, realized in less than 24 h, is a direct result of the
integration of the 13E1 antibody as a recognition element with
SERS as a readout tool.

There are several features of this assay that translate to
advantages over other techniques. First, IFN-� detection, as an
indirect method, can be problematic because of false-positive
results. PCR, while a direct method, may yield false-negative
results in complex matrices (57). Immunoassay techniques,
including enzyme-linked immunosorbent assay and this SERS-
based immunoassay, improve detection over IFN-� detection
and PCR by incorporating antibody recognition. In this system,

the 13E1 mAb targets a surface protein (MAP2121c) that plays
a role in the M. avium subsp. paratuberculosis invasion of ep-
ithelial cells (3). The screening and cross-reactivity studies
carried out previously (4) and in this work highlight the spec-
ificity of this mAb, which may yield a lower number of false-
positive results in clinical samples. Of particular importance is
the lack of detectable cross-reactivity with M. bovis, which is
the other mycobacterial pathogen found in cattle.

Second, the assay takes advantage of recent developments
that have transformed SERS into a powerful analytical tool. Of
particular importance is the emergence of nanoparticles as
SERS surfaces. In this system, the spontaneous adsorption of
sulfur compounds to gold (59, 70) allows an adlayer of DSNB-
based label to coat the nanoparticle surface. In addition, the
DSNB-derived monolayer can tether antibodies and thus form
a biospecific label. By incorporating these ERLs into a sand-
wich immunoassay, the M. avium subsp. paratuberculosis con-
centration is quantified by the intensity of the intrinsically
strong �s(NO2) of the DSNB-derived monolayer, and low-
levels of detection are obtained. In addition, the good preci-
sion/reproducibility in measurements seen in the sonicate im-
munoassay is partially due to recent advances in the formation
of uniform nanoparticles and preparation of optimized ERLs.

Another important feature of the SERS-based assay is its
potential for integration into diagnostic laboratories. The in-
strumentation (a fiber optic-based Raman spectrometer) has
no moving parts, is easy to use, and has a small footprint on the
laboratory benchtop. In addition, breakthroughs in optical fil-
ters and detectors have decreased the costs of key hardware,
with instrument pricing from several manufacturers on the
order of $10,000 to $15,000. Moreover, other components of
the assay can be readily packaged into a kit that includes both
premade capture substrates and ERLs. Based on this, an assay
would be performed by capturing the antigen from milk and
incubating ERLs in under 24 h, and research to extend the
assay to fecal samples is in progress.

In summary, we believe that this novel assay is well posi-
tioned to address many of the challenges associated with
Johne’s disease detection, especially with respect to speed,
specificity, and sensitivity. To further accomplish these goals,
experiments focusing on analyzing samples from animals clin-
ically infected with M. avium subsp. paratuberculosis, extending
the assay to fecal matter, and comparing the results of these
samples with those for other established detection techniques
are under way. Ongoing work is also aimed at improving per-
formance by examining approaches to reduce nonspecific ad-
sorption, thus improving the limit of detection, through rotat-
ing capture substrates and designing better assay surfaces. In
addition, studies to further amplify the SERS signal from
ERLs (e.g., stronger Raman scatterers and shape-tailored
nanoparticles) are being undertaken. These improvements
have the potential to allow the detection of tens of M. avium
subsp. paratuberculosis cells/ml, thus allowing the SERS-based
immunosensor to be applicable to subclinical samples. Finally,
the potential extension of this assay to the detection of whole
M. avium subsp. paratuberculosis bacteria is detailed in the
companion paper (68).
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